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1I. INTRODUCTION
1.1. Background and Objectives
The cement industry is now more than fifty years old and the 
manufacturing process perhaps older than a century. Steps in the 
manufacture of cement involve mixing of certain calcareous and siliceous 
materials and sintering them at a high temperature to produce a material 
having high cementing properties. The equipment employed in the process 
has remained much the same since the manufacture of cement began on a large 
scale, but with the demand of cement ever growing, larger and more 
sophisticated equipment is needed today. The older machines depended 
much on the skill of the operators to control them, utilizing very little 
instrumentation and automatic control. The most important equipment in the 
cement manufacture is the kiln, which is used to sinter the mixture of 
calcareous and siliceous materials, called slurry. Vertical shaft kilns 
and rotary kilns have been developed for the purpose. Rotary kilns are by 
far more in use today, primarily because they can be controlled better.
With kilns getting larger, it has become necessary to reduce their downtime 
for economic reasons. Today this is being achieved by use of on-line 
digital computers. In this thesis the rotary kiln has been chosen for 
study.
A rotary kiln is a combination of a dryer, calciner and a 
reactor. The boundary of each region in the kiln is difficult to define 
because of overlapping of physical and chemical reactions taking place in 
the kiln. Slurry is fed at one end (called the feed end) of the kiln, 
which is also the exit for the flue. At the discharge end of the kiln
2is a cooler, which cools the sintered material (called clinker), and 
preheats the secondary air required for combustion in the kiln. In this 
thesis, feed and discharge ends of the kiln are defined as the two 
boundaries of the system.
The objective of this study is to investigate the steady-state 
and transient behaviors of the kiln. This is accomplished by simulating the 
system on a digital computer, revealing the interaction of variables and 
facilitating the design of controllers for the process.
The following section describes the cement manufacturing process 
in general, with particular emphasis on the rotary kiln.
In Chapter II the plant is described by mathematical equations 
after identifying the various process variables. The mathematical model 
describes the material and energy balance at any given instant and at any 
point in the kiln. These equations for the rotary kiln are first-order 
non-linear partial differential equations with time and position along the 
kiln length as independent variables.
Chapter III describes the steady-state and transient simulations 
of the mathematical model on a digital computer. The study of steady- 
state behavior requires conversion of above equations into first-order 
ordinary differential equations with position along the kiln length as 
independent variable. To investigate the transient behavior, the kiln 
is divided into a convenient number of small sections of suitable but 
equal length. For each section and for each variable generalized 
differential-difference equations are written by method described by 
Filipovich.^ These equations are then solved to obtain the transient
3solution for deterministic inputs. In this thesis, kiln behavior is 
investigated for step variation in one of the independent controllable 
variables, kiln rotational speed (and hence the velocity of solids in 
the kiln).
1.2. The Cement Manufacturing Process
Basically there are two manufacturing processes for cement, 
dry process and wet process. The difference between the two is that 
while the former uses dry slurry to be converted to clinker and then to 
cement, the latter uses wet slurry. Even with this difference, all the 
manufacturing equipment employed in the two methods are the same.
Figure 1 illustrates the wet process schematically.
The diagram illustrates the various stages of manufacture 
together with the strategic points of sampling the raw materials, 
intermediate products and the finished product for quality control. The 
heart of the process is the conversion of slurry to clinker, because the 
clinker, when powdered, itself has the cementing properties. Gypsum is 
added (about 4-5%) mainly to retard the setting rate of cement to a 
specific value as determined by various tests. Hence, the most important 
problem is to control the chemical composition of clinker within 
specified limits if cement is to be of standardized quality (by the term 
cement is meant "Portland Cement"). This further necessitates uniform 
quality of slurry and its proper burning in the rotary kilns.
Coming to the process itself, the basic raw materials for 
slurry are limestone, ferrite and clay. Limestone is usually obtained
4Sample for Analysis
Dispatch
Figure 1. Flow diagram of cement manufacture by wet process
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5in big lumps and is therefore crushed to required size and stored.
Ferrite (used as a fluxing agent) is sometimes obtained in lumps and 
therefore needs crushing too, but this may be bypassed if received in 
small sizes. Clay, obtained from the fields, is passed through a washmill 
to remove undesired impurities. In dry process, clay is directly stored 
in bins for further processing, and no water is added either before or 
later. The raw materials are fed into a raw mill (tubular mill driven 
by a motor) in controlled proportions by the feeders. The output of 
the mill is the slurry, which is first stored in silos and then blended 
in a blending tank. Blending is of utmost importance since the quality 
of clinker depends on its uniform quality. Furthermore, blending is 
necessary as the various raw materials, obtained from different sources, 
vary in their chemical compositions, e.g. limestone, obtained from two or 
three sources will never be identical in its chemical composition. 
Therefore uniform quality of slurry is obtained only if, in addition to 
chemical composition and adequate fineness of the raw mixture, the 
materials are carefully blended.
The slurry is then dried, calcined and sintered in a rotary 
kiln to clinker. This is now mixed with gypsum for the reason already 
mentioned. The mixture is then ground in a cement mill (similar to raw 
mill) to a fine powder and the final product so obtained is called 
cement.
The technology of the manufacturing process in the rotary kiln 
is based on the principle of heat exchange by counter-flow of material 
and heat. The mode of transmission of heat is the flue produced as a
result of combustion.
6Slurry is fed at one end of the kiln which is the exit end 
of the flue (see Fig. 2). Slurry feeder motor (not shown in the figure) 
gets electrical power from a generator coupled to the shaft of the kiln 
drive motor, and it therefore maintains the slurry feed per revolution 
of the kiln at a constant value.
As the kiln rotates at a very slow rate (about 1 to 2 mins/rev.), 
the material advances, and as it moves in the drying zone (which contains 
special heat economizing elements like chains and crosses) it is dried 
and converted to granules. The size of granules is important in the 
ultimate fusion of the material and hence of clinker. For this reason 
it is important to record the temperature (t^) in this zone continuously. 
This temperature is about 700-800°C. The granules are calcined as they 
move through the calcining zone and start fusing as they enter the 
sintering (or burning) zone. This is another important zone of the kiln 
for it is here that the material is completely burnt and converted to 
clinker. Any variation in temperature of this zone seriously affects 
the clinker.quality, which as a result of poor temperature control may 
be overburnt or underburnt. For optimum burning it is therefore very 
important that the temperature be maintained constant and that the 
material may remain in this zone for a specified period. In this regard 
proper air-fuel ratio and flame length are also of importance. The former 
determines the optimum combustion of fuel and sintering of the material, 
and the latter determines the position and length of the sintering 
zone. To control the flame length and hence the flame height it is 
necessary to measure the hood pressure (P^). Hood temperature (t^) is
Gas Wet
Figure 2. Rotary kiln with Folax Cooler.
8maintained at a value to prevent the coal in the stream of air from 
igniting at the mouth of the nozzle itself.
The measure of draught pressure (Pg) in the smoke chamber 
enables to control the suction through the kiln and hence the temperature 
gradient along the kiln length. The temperature (t^) in the smoke 
chamber is measured to assure that it is well above the dew point of the 
flue. Suction through the kiln is maintained by an induced draught 
fan (also called exhaust fan), which then lets the flue out through the 
stack. The draught near the exit is usually controlled by dampers (not 
shown) .
The sintered material falls on a reciprocating (or travelling) 
grate of clinker cooler. Secondary air for combustion is forced through 
the grate and clinker bed. In the process the air itself gets preheated 
while cooling the clinker. This economizes heat requirement for clinker 
production.
While it is important to maintain the clinker quality, also 
of importance are to keep fuel consumption per unit weight of clinker 
produced at a minimum, and minimize the disturbance in the kiln. The 
most serious disturbance is temperature, which reduces the working life 
of fireproof refractories and hence may increase the downtime, thus 
affecting production. Another important effect of temperature variation 
is the ring formation in between calcining and sintering zones, which 
retards the material's advance and seriously disturbs its heat treatment. 
This may also lead to shutting down of the kiln.
9A measure of optimum combustion is the air-fuel ratio, which 
depends on the calorific value of the fuel used (in this case coal).
As in all combustion processes a slight excess air is always supplied to 
ensure complete combustion. An indication of this is the oxygen per­
centage by volume in the exhaust flue. This value seldom increases 4% 
but anywhere between 1-2% is a good indication of complete combustion.
It is continuously measured by an automatic gas analyzer in the smoke 
chamber (Fig. 2) . A frequent measurement of %C0^ by volume is also 
helpful. This is between 30-32%,. Besides the air-fuel ratio, a certain 
amount of heat is to be supplied to the material for conversion to 
clinker and this comes mainly from fuel, however, this can be kept to 
a minimum by preheating the air (Fig. 2). The temperature of the 
primary air is limited to prevent ignition of fuel in the firing pipe 
itself, however, since the secondary air, preheated in the cooler, is 
supplied quite separately from the primary air, its temperature can be 
varied by altering grate speed. The amount or volume of secondary and 
primary air can be altered by means of dampers (not shown in Fig. 2) in 
their respective pipe lines. The link between fuel amount and combustion 
air can be altered via exhaust gas analysis.
Another chief quality index for clinker is the weight per unit
3volume, which is about 1450 (kg/m ) for rotary kilns working on wet 
process. This index can be used to correct the temperature of the 
sintering zone in the kiln.
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II. MATHEMATICAL MODEL OF THE KILN
The nature of a mathematical model for a system depends on
how the system variables are defined, the boundary of the system is
chosen for study, and the objectives the model is required to fulfill.
(2 )Various kinds of process models are :
a. Procedural model
b. Computational model
(i) Inferential model
(ii) Predictive model
(1) Steady-state model
(2) Dynamic model.
Each of the above models is briefly discussed below:
A procedural model consists of a set of instructions to be 
executed under predetermined situations. It is not a mathematical model 
and is formed on the basis of previous experiences of plant operators.
The inferential model infers the value of an unmeasured 
variable knowing the current values of the measured ones, with the help 
of certain mathematical relations either derived empirically or from 
natural laws. It is used where the unmeasured variable is important 
in the overall control of the system.
A predictive model has the capability of foreseeing the result 
of a control action. This type of model relates the input and output 
variables by mathematical equations and therefore has the ability to 
predict the outcome with perturbation in input variable(s). This model 
is widely used because of its effective control strategy. The predictive
11
model is subdivided into steady-state and dynamic models. The former 
describes the system behavior as time approaches infinity, while the 
latter is used to analyze the transient behavior of the system. Both 
steady-state and dynamic models can be used in the control of industrial 
processes. The former is used where perturbations are few and low in 
frequency, the system response to disturbances is fast, and for most of 
the time the system variables remain at steady-state. The dynamic 
control, on the other hand, becomes a necessity for a process (or system) 
which exhibits large time lags to disturbances, perturbation frequency 
is high, and the system variables remain more in the transient 
conditions. As it will be seen later, the rotary kiln requires a 
dynamic control.
In this thesis a predictive model is used to study the kiln 
behavior under both steady-state and transient conditions. But before 
such a model can be developed, it is essential to identify the process 
or system variables for their proper relationship. This is described 
in the following section.
II.1. The Process Variables
In any process, the variables can be distinguished as follows: (3)
(1) Independent a. Directly controllable Temperatures, pressures,
àir and Liquid flow 
rates, etc. , applied to 
the process.
b. Uncontrollable Composition of raw material,
power generation loads, 
ambient temperature, 
catalyst deterioration, etc.
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(2) Dependent Controllable only by Temperatures, pressures,
manipulating indepen- concentrations, etc.,
dent variables that result within the
process.
Independent variables can be described as variables that cause 
process behavior: dependent variables as the effects. Independent 
variables are inputs to the process; dependent variables are in part the 
results of those inputs.
In the manual control of sintering in the kiln, the operator 
controls many variables: temperature, pressure, flow, etc. The
interaction of certain variables together with their effect on other 
variables in the process is briefly discussed below. The dependent 
variable kiln temperature is examined:
#i ,  ^ depends on/Kiln temperature ----------->
t, . - ^ d e p e n d s  on -Rate of suction of flue — ------- > Pressure
difference
(P, -P )h s
Rate of combustion depends on^ feecj rate
depends on 
Rate of supply of
All these factors have been discussed in the previous chapter.
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The control function, either manual or automatic, consists in regu­
lating the controllable independent variables in a process to compensate 
for disturbances caused by uncontrollable variables such as, composition 
of kiln feed, fuel, etc., so that process objectives are continuously 
achieved.
The various process variables in the kiln and their nature are 
described below:
(1) Independent a. Directly controllable
b. Uncontrollable
(2) Dependent Controllable only by
manipulating indepen­
dent variables.
Rate of flow of secon­
dary air, fuel, and 
primary air; kiln speed 
(and hence flow of 
material in the kiln), 
rate of suction of flue
Composition of fuel and 
kiln feed (slurry), 
ambient temperature.
Composition of 
clinker, temperatures 
of solids and gas.
Besides compensating for the disturbances, the control should 
be such that the dependent variables are within the constraints applied. 
For example, constraints on certain constituents of clinker to ensure 
its uniform quality, and constraints on temperatures of solids and gas 
to limit the heat losses may be imposed.
Figure 3 shows the kiln as a system with multiple inputs and 
outputs. In the figure the following notation is used:
14
Independent'
Controllable <
—► Uncontrollable^
C.(t) S(t) Wit) Ta(t)
Figure 3. Block diagram of kiln with multiple inputs and outputs.
Flow rate of primary air 
Flow rate of fuel
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rx(t)
r2(t)
r3 (t)
r4(t)
c^t) ,S(t) ,W(t) 
X(t) , Y(t) 
C(t) ,Si(t) 
Ts
Ta
ts
Kiln rotational speed 
Flow rate of secondary air 
Concentrations of slurry 
Concentrations of clinker 
Concentrations of clinker
Solids temperature at discharge end of the kiln 
Ambient temperature
Gas temperature at the feed end of the kiln.
II.2. Development of Dynamic Equations
The dynamic behavior of a system can be described basically 
in two ways: by input-output relationships, and by using the state-
variable representation. The latter is more in use today because of 
its easy computer adaptibility, but it must be mentioned that this 
formulation is not unique as it depends on the way the system state- 
variables are selected.
In this study, the state-variable approach is used to 
formulate the mathematical model of the rotary kiln. One way of doing 
so for a chemical process such as this is to relate the various 
variables by means of material and energy (or heat) balance equations. 
The former are writtern from the stoichiometry of chemical reactions 
and the latter are developed from the first law of thermodynamics.
16
Such equations for the rotary kiln, without the constraints, are 
developed below. We introduce the following nomenclature:
2A = Heat transfer area, (ft /ft)
A| = Rate constant, (1/hr)
B = Clinkerable mass/unit length, (lb/ft)
C = CaO/unit clinkerable mass, (lb/lb)
= CaO as CaCO^/unit clinkerable mass, (lb/lb)
C  = CO^/unit nitrogen mass, (lb/lb)
C = Specific heat of gas, (BTU/lb °F)
Fg
C = Specific heat of burden, (BTU/lb °F)
D = Kiln diameter, (m)
AE = Activation energy, (BTU/lb mole)
F = Fuel/unit nitrogen mass, (lb/lb)
f = Convective term, (BTU/hr ft °F)
= Clinkerable mass flow rate (solids only), (lb/hr)
G = Gass mass flow rate, (lb/hr) g
G^ = Nitrogen mass flow rate, (lb/hr)
G = Burden mass flow rate (solids+water+CO ) , (lb/hr) s 2
h = Heat transfer coefficient, (BTU/hr ft^ °F)
H^ = Heat of reaction, (BTU/lb)
Hp = Calorific value of fuel, (BTU/lb) 
k^ = Reaction rate coefficient, (1/hr)
Ü = Kiln length, (m)
L = Distance from feed end, (ft)
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M = Molecular weight
M = Gas mass/unit length, (lb/ft)g
Mg = Burden mass/unit length, (lb/ft)
N = Nitrogen mass/unit length, (lb/ft)
0 = Oxygen/unit nitrogen mass, (lb/lb)
R = Gas constant, (BTU/°R lb mole)
RF = Rate of combustion/unit nitrogen mass, (lb fuel/lb hr)
RW = Rate of evaporation/unit clinkerable mass, (lb i^O/lb hr)
S = SiO^/unit clinkerable mass, (lb/lb)
T  = Residence time o f  slurry in the kiln, (hr)
T  = Time for one rotation of kiln, (hr)
o
t = Real time, (hr)
T = Ambient temperature, (°R)cL
T = Gas temperature, (°R) g
Tg = Burden temperature, (°R)
T = Inside wall temperature, (°R) w
T ,= Outside wall (kiln shell) temperature, (°R)w
W = Water/unit clinkerable mass, (lb/lb)
W  = Water/unit nitrogen mass, (lb/lb)
X = (CaO)^SiO^/unit clinkerable mass, (lb/lb) (Symbolized as C^S)
Y = (CaO)^SiO^/unit clinkerable mass, (lb/lb) (Symbolized as C^S) 
e = Emissivity
O' = Angle of inclination of kiln
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(4)Various chemical and physical reactions taking place in the
kiln are:
Slurry (50 F) — --- > Dry solids (212°F) - H (Drying)w
Solids (212 F) Solids (1650 F) (Heating)
CaCO, ^--- >. CaO + CCL - H2 c (Calcining)
2CaO+SiO, ->(Ca0)2Si02 + Hx
(Clinkering)
(Ca0)2Si02+Ca0 -- 2--- >(Ca0)3Si02 - Hy
Basically the dynamic equations we seek represent material and
energy balance for solids and gas at any point in the kiln. The
following assumptions are made to simplify the equations:
(i) No solids transported with the gas.
(ii) Minor compounds, such as iron and aluminium are neglected.
(iii) Specific heats, latent heats and heats of reactions are treated 
as constants.
(iv) Residence time is considered inversely proportional to the kiln 
speed.
(v) Velocity of a given particle of solids is constant throughout 
the kiln length.
(vi) All the fuel is burnt to C02.
We may then formulate the following equations
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Energy balance 
ÔT
c M ÄTp so t  s
ÔT
c M âT* 
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g
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pg 8 âL
(II-13)
(11-14)
. . .  h., A., (h. A, +h A ) T + h„A_ (h. A,+h_Ac) T + h, A.,hcAc .TT (6) 1 1 4 4 5 §' g 3 3 4 4 5 5 s 4 4* 5 5 c
W ^1^1 ^ 4 ^ 4 ^ 5 ^ 5 ^  + ^3^3.^4^4^5^5^ ^  ^4^4 *^5^5
(H-15)
T ,w
h A T + h. A. T 5 5 a  4 4 w
hrAr. + h. A.5 5 4 4
(11-16)
Heat transfer ¿oefficients
h, = f -  +  3 .4203X l0" 9e e (T 3+T 3) 1 1  g w v g w
h_ = f_ + 3 .4203X10_9e e (T 3+T 3) 2 2  g sv g s
h = f. +  3 .4203X10"9 tt=- e e (T,3+T ^3 3 " 3  w s w s
h. = constant4
h = fc + 3 .4203X l0" 7e , (T 3+T 3)5 5 w' w a
(gas to inner wall) (11-17)
(gas to solids) (11-18)
(inner wall to solids) (11-19)
(inner wall to outer wall) (11-20)
(outer wall to ambient) (11-21)
Rates and nate constants
k. = 1 A^ exp (-AE/RTg) (11-22)
RW = k (W > 0.1) w — (11-23)
= k W(W < 0.1) w (11-24)
RF = 2F (11-25)365-L
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Equation (11-25) is the modified form of the one in the above 
reference and indicates that maximum combustion takes place at about 
365 feet from the feed end.
Residence t'ime^
SL T
T = 0.0963 Dcy (11-26)
Thermodynamic and Other Bata
Heats of reaction ^
Nearly all chemical and physical reactions are accompanied by 
absorption (endothermic) or liberation (exothermic) of heat. This is 
dependent on the nature of the reactants and the resultants, and must 
be accounted for in energy balance (or heat balance) equations. For the 
reactions taking place in the kiln, the values of the heats of reaction 
are:
aw 970 (BTU/lb) Endothermic
H c 1275 (BTU/lb CaO) Endothermic
ay 11 (BTU/lb CaO) Endothermic
H X 381 (BTU/lb CaO) Exothermic
Specific Heats^
The specific heats of solids and gas vary along the kiln 
length as their concentrations and temperature change. To simplify 
the calculations, these values are assumed to be constant throughout
the kiln length and are the average values of the specific heats of 
their constituents.
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C 0.28 (BTU/lb R)
Pg
C 0.26 (BTU/lb °R)
^s
Activation energies^
The rate of a chemical reaction, especially at high tempera­
tures, is largely controlled by the activation energy. For the kiln 
reactions, these values are:
“ w 18000 (BTU/lb mole)
AEc 261000 (BTU/lb mole)
AEX 83000 (BTU/lb mole)
Aey 110000 (BTU/lb mole)
Reaction rate constants
During the initial simulation, the values used for reaction 
rate constants were those suggested by Lyons,^ but were adjusted in 
later simulations so that with the initial values given in the next 
chapter, the steady-state profiles conform as nearly as possible to those 
given by him. The final adjusted values are:
3.9X107 (1/hr)
< 1.4X1037 (1/hr)
Ax 2.62X1012 (1/hr)
2.8X1013 (1/hr)
23
Heat transfer coefficients and heat transfer area
During the initial simulation, values given by L y o n s ^  were 
used but were adjusted for the same reason as reaction rate constants. 
Different values in some cases are due to different values of convective 
term 'f', heat transfer area 'A', and emissivity * e *. Since the values 
of f, A, and e are included in heat transfer coefficient (Equations II- ' 
17 to 11-21) , their values are not given separately. The final adjusted
values are:
hlAl 236 (BTU/M
h2A2 615 (BTU/M
h3A3 70 (BTU/M
\ A4 10 (BTU/M
h5A5 32 (BTU/M
°R) (118 in the.last 50 feet)
°R) ( 28 in the last 50 feet)
°R) ( 31 in the last 50 feet)
°R )
°R)
Molecular weights
“x
Mc
172
56
228
60
44
16 (Fuel is assumed to be made up of CH^)
18
16
Other data (taken from personal practical experience)
1<4> 450 (ft) (= 137
D 3.65 (m)
a 2.3° (= 4%)
TO 1/60-1/120 (hr)
«F 10800 (BTU/lb)
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III. DIGITAL SIMULATION OF KILN
The objectives of the simulation are:
a. To obtain the gas and solids temperature profiles along the kiln 
length.
b. To obtain concentration profiles of important products formed as a 
result of reactions taking place in the kiln.
In obtaining these profiles the slurry feed end (Fig. 2) is 
taken as origin or reference. The profiles are obtained first for a 
given rotational speed of the kiln (and hence for a given residence 
time of slurry in the kiln) , and then for step inputs to the rotational 
speed. The magnitude of the steps are determined by the upper and 
lower constraints on the rotational speed, stated in Chapter I.
III.l. Steady-state Simulation 
Steady-state equations
To achieve the stated objectives, it is helpful to convert
the dynamic model to a steady-state model, i.e., to ordinary differential
equations with position along the kiln length (L) as the independent
variable. For this, we let t -♦ « and note that r---* 0, so that atat
steady-state the dynamic equations reduce to the following steady-
state equations after substituting the values of molecular weights
and w = G./B: o b
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Material balance
Solids
dL
dS
dL
dÇ
dL
dW
dL
dX
dL
dY
dL
G = G
—  k C, w c l (III-l)0
0.535 . 2_k C Sw X (HI-2)o
—  Ck C.-k C2S-k c d  w c 1 x • y o J
(III-3)
—  RWXJ (III-4)
O
1,536 [k C2S-2.0k CX] w x y (HI-5)
4 -07 k CX w y 0
(III-6)
. (1+0.7860,+^ b i (III-7)
Gas
J = G /N =8 n
dC1 _ _1_
dL w8
dW' _ ± _
dL wg
d0 2RF
dL wg
G _ G (18 n
N cl'
N
(III-8)
(III-9)
(III-10)
(III-ll)
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Energy balance
Let 3. = h.A.(j = ThenJ J J
dT _s
dL “ C V "  C30 (T - T  ) +  3- ( T  - T  ) - B(H k C - - H  k C2S Gc 2' g s 3 w s c c l x xP ~s*s + E k  CX + HRW)]y y w (III-12)
dT
dL
1 dG
X  [51 < V V  + W V  + CPg<Tg-Ts> dL9, + NHFRF] <m -13>Pg g
Because the gas flows in opposite direction to solids, due 
regard to sign has been given in writing the material and energy 
balance equations for it. Furthermore, since in the last 50 feet heat 
is transmitted from solids and inner wall to the gas, Equations (III-12) 
and (III-13) become
dT _£
dL
dT
____i
dL
w
T , w'
~ ~  [3„(T -T ) + 3Q(T -T ) - B(H k C, -H k C2S G_ 2v s g / 3' w s ' c c l x x
Ps s + E k CX + H RW) ]y y w
dG
V “ <T -T ) + 3-(T -T ) + C (T -T ) — - + NH RF]G_ 1 w g 2' s g P„ s g dL TPg g
V W  + V W  + B4B5
3_t + 3,t 5 a 4 w
S5 + ®4
(III-12a) 
(III-13a) 
(III-14)
(III-15)
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Initial values and simulation results
In order that the simulation results be as practical as
possible, common initial values of wet processi rotary kilns, were used.
C1(t,0) 0.67 (lb/lb) (based on personal practical experience)
S(t,0) 0.33 (lb/lb) (based on personal practical experience)
C(t,0) 0.0 (lb/lb) (based on personal practical experience)
w(t,0) 0.837(lb/lb) (based on 32% moisture content in slurry)
X(t,0) 0.0 (lb/lb) (based on personal practical experience)
Y(t,0) 0.0 (lb/lb) (based on personal practicalf experience)
C  (t,0) ^ 0.381(lb/lb)
W  (t,0) ^ 0.451(lb/lb)
0(t,O)(4) 0.072(lb/lb)
Gb 55000 (lb/hr) (based on 600 tons/day production)
G <4> n 167300 (lb/hr)
F 13750 (lb/hr) (based on 25% of clinker production)
T (t ,0)g 950 (°R) (upper limit of constraint)
Tg(t,0) 510 (°R) (assumed)
Ta (t) 550 (°R) (assumed)
T 3.5 (hrs) (based on about 75 secs/rev of kiln)
Wg 925 (ft/hr) (assumed)
With the above initial values, the mathematical model was 
simulated on a Control Data 1604 digital computer using Runge-Kutta- 
Gill's numerical method of solution for first order ordinary differential 
equations. The concentration and temperature profiles obtained are 
srhown in Fig. 4. The following end results were obtained:
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Figure 4. Steady-state temperature and concentration profiles 
along kiln length.
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Clinker composition (lb/lb of clinker)
CaO Si02 C2S C3S
(free lime) (unreacted silica)
0.0 0.029 0.331 0.703
clinker temperature at discharge end 
891.38 °c.
Discussion of simulation results
A theoretical mathematical model will not always give satis­
factory practical results. Even in actual practice, before a model can 
be used for control of the process, adjustment in parameters is necessary 
until the deviation of simulation results from those observed in actual 
process is acceptable. In this simulation some parameters (already 
mentioned in the previous chapter) were adjusted until intermediate and 
end results conformed closely to those given by Lyons.^
The important intermediate and end results of simulation are 
given below against their practical values for comparison:
S imulation 
value
Practical
Value
(1) C3S 0.703 0.5-0.55(8)
(2) C2S 0.331
/'~N00mCM•oCMO
(3) c3s/c2s 2.12 2.20
(4) CaO (free lime) 0.0 0.0-0.001 (
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Simulation
value
Practical
value
(5) Approximate clinker 
temperature at 
discharge end
(6) Approximate peak gas 
temperature
(7) Approximate peak kiln 
shell temperature
(8) Approximate length of 
drying zone
900 °C 1000-1200
1000 °C 1200-1400
245 °C 220-250
110 ft 100 ft
°C (personal experience) 
°C (personal experience) 
°C (personal experience) 
(personal experience)
(9) Approximate length of
calcining zone 270 ft
(10) Approximate length of
sintering zone 50 ft
270 ft (personal experience)
40 ft (personal experience)
Deviation of the simulated results from practical values occurs
because
(i) Assumptions listed previously are not rigorously true.
(ii) Values of heat transfer coefficients, gas velocity, air-fuel ratio 
are only assumed.
III.2. Transient Analysis
The objective of transient analysis is to obtain the shift of 
the boundaries of various zones as defined by the steady state profiles 
(Fig. 4), due to a step change in one of the controlled independent 
variables, kiln rotational speed (and hence the velocity of solids in the 
kiln) .
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The kiln is divided into forty five sections, each of 10 
feet length (for more accurate results, more number of sections are 
used). For each section and for each variable of the solids' material 
balance equations, generalized differential-difference equations are 
written by the method described by Filipovich.^  Variables, which 
have the same value, or change by a small amount in a particular 
section as compared to their value in the preceding one, do not have 
any equation for that section. Equation (II-1) would be used as an 
example to derive generalized differential-difference equations.
The dynamic equation is
!2i _ . kc 3  !£i
d t  "  c l  B d L
l e t  G , /  B =  w , t h e n  b o
aci 3ci
s T  +  wo  5 l ----------- k c c i (III-16)
We know
or
dcl Sci 8C1 dL
dt dt T dL dt
aci dci SC1 dL
dt dt dL dt *
Hence Equation (III-16) becomes
dCl 8C1
it  + s t = -k C, c 1
dL
Wo “ dt (III-17)
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Let the boundary of the region for be denoted by
C^t.L (t)] = 0
where L = L^Ct) defines the boundary where calcination zone ends. 
Boundary conditions are:
C1Lt,0] = C^°(t) = C1q (constant) (t > 0)
wLt,0] = w°(t) = w q + Aw°(t) (t > 0)
c 1C o ,L] = f 2 (L) = ° c Xj
where
Aw°(0) = 0
w°(t) > 0,
and where f2(L) is the steady-state which would be obtained at the 
instant t=0, with the following conditions:
we have
where
CjCt.o] = = constant (t 0)
w[t,0] = Wq = constant (t < 0).
Generalizing the Equation (III-17) for any boundary L = L.(t),
dt +
V)
3L /L=L.(t) -k .C.. cj ij (III-18)
CXj = Cx[t,L (t)]
If for a family of curves L = (t) the error of approximation
C ^ i)
\SL /L=L^(t) C
ij-1
Li - L - iJ J-l
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is sufficiently small, then (III-18) becomes
dCl‘ C1'"C1'-1 / dL
d t + V°" dt^ )  = ’kcjClj 0=17, .. . ,39) . (Ill-19)
dcrIf the curves are defined as — — ^ = 0, i.e. the value of thedt
variable at the boundary of the region of definition remains constant, 
then curves L = L^(t) become level contours. Applying this condition 
and rearranging (III-19) we get
dL. L.-L. .
T ~  = w + k .C J ■1~1dt o cj lj C ^ - C ^ (III-20)
Similar equations can be derived for other variables of the 
solids material balance equations. They are listed below:
dL
dT
? L.-L. i
w + 0.535 k .C. S. - 1 c-r  ° XJ J J S .-SJ J-l
(III-21)
dL,
dt = w + RW
L.-L. , -1__111
o j W.-W. .J J-l
(III-22)
dL.
dt
L. -L.
= w - 1.536 [k . C . 2S . -2,0k .C X ]
0 XJ J J yj j j x.-x.^ (III-23)
dLj
dt
L.-L. ,
w - 4.0 k .C.X. -J--J" .° yj J J  Y.-Y, .
J J-l
(III-24)
It will be observed that variable 1C* is left out because at 
the end of sintering zone its value is zero and is totally converted to 
X and Y in reacting with 'S'. Therefore, the end of sintering zone can 
be defined by concentrations of X, Y, and S only. However, such a
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situation does not arise in defining the end of drying zone because no 
intermediate products are formed here and 'W' is the only variable. In 
calcining zone, together with calcination of CaCO^ (denoted by C p , inter­
mediate products are also formed. However, since only one chemical reaction 
(calcination of CaCO^) is completed it is convenient to define the end 
of this zone at the point where CaCO^ (or variable C^) reduces to zero.
Equations (III-20) to (III-24) can be written as a system of 
generalized differential-difference equations for variation of contour 
lines with respect to their steady-state position as
dAL.
dt1  - a.AL. = Aw° - ajAL.^ (j-l,... ,45) (III-25)
with the initial conditions
and
L (0) = 0
AL = 0, AL. = L.(t)-L (0)° J J j
Lj <°) = ^ ( V )
Lj(0) = f21<°ClJ>
L.(0) - f31(°c1j >°sj >°xj)
L.(°) - f; V c ir V v ° v
L . ( ° )  -  f ; 1 ( ° s J . ° x j A J)
(j = 1,...,45)
(j =
(j = 17,...,21)
(j = 22,...,33)
(j = 34,...,39)
(j = 40, 41)
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Let
then
U. = J
6 =j
v . = J
M*. = J
X . = J
RW./(W.-W. _)J J J"1
k C - . / ( C . . - C . . , )  cj lj lj lj ~ 1
0.535 k ,C.2S./(S.-S. .) XJ J J J J-l
-1.536 Lk .C .2S .-2.Ok .C.X.]/(X.-X J  xi j j yj J J J j-1
-4.0k .C .X./(Y.-Y. J  
yj J J J j-i
(III-26)
(III-27)
(III-28)
(III-29)
(III-30)
f  a .  J (j =
6
j (j = 17,...,21)
ar  \ J J J (j = 22,...,33)
J J J J (j = 34.... 39)
L v . ,(J.. ,X . ^ J J J (j = 40, 41) .
The values of a.J s for each section are calculated by
substituting the respective values of k's, concentrations and tempera­
tures obtained in steady state analysis, in (III-26) to (III-31). The 
calculated values are tabulated below:
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a .' s J
j a .J 6.J
V
j M».J J
39 -49.5 -17.65 -17.6 - -24.25
40 0 -42.8 -33.36 -136.4
41 - 0.03 - 2.19 - 1.23
The missing a ' s and j's correspond to sections where there 
is either a very small change or no change in the value of the variable 
as compared to its value in the preceding section.
Now, these values of a 's are substituted in equation (III-25) 
and solved for , with j = 11, 39, and 41, which respectively define 
the boundaries of drying, calcining and sintering zones, for a positive 
step, Aw° = wq/4.3 and for a negative step, Aw° = - w q / 2 . 6 .
Discussion of simulation results
The steady-state concentrations and temperatures profiles after 
the positive and negative steps are shown in Figures 5 and 6, respectively. 
Figure 5 shows that the shift in the boundary of the drying zone (where 
moisture content is about 0.03 (lb/lb of clinker) is independent of the 
interaction of any other process variable. It should be mentioned here 
that in the transient analysis no variation in the values of gas and 
sblids' temperatures is assumed. But Fig. 6 shows that this is valid at 
lower temperatures only. Furthermore, the concentrations' profiles
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Figure 5. Steady-state concentration profiles after positive and negative 
step inputs to velocity of the solids.
40
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Figure 6. Steady-state temperature profiles after positive and 
negative step inputs to velocity of the solids.
41
(see Fig. 5) indicate a strong interaction among process variables at
high temperatures, and particularly in the sintering (or burning) zone
the effect is very much pronounced. The deterioration in the quality
of the end product is also quite obvious. For example, whereas with a
normal kiln rotational speed of about 75 (secs/rev) (and hence with the
residence time of slurry as 3.5 hours), the C^S and C^S concentrations
are 0.703 (lb/lb of clinker) and 0.331 (lb/lb of clinker) respectively,
the same concentrations radically change to 0.806 (lb/lb of clinker) and
0.308 (lb/lb of clinker) at steady-state after a negative step of
w q / 2 . 6 ,  resulting in the kiln rotational speed of 120 (secs/rev) (and
hence residence time of slurry as about 5.5 hours). The result is
overburnt clinker. Similar analogy shows that with a positive step of
w /4.3, giving a final kiln speed of 60 (sec/rev) (and hence residence o
time of slurry as only about 2.8 hours), the same concentrations have 
values of 0.672 (lb/lb of clinker) and 0.326 (lb/lb of clinker) 
respectively, and the end product is underburnt. But this is of 
course true when no counteraction is taken simultaneously, i.e. increase 
or decrease in flow rates of primary and secondary air and fuel to 
overcome the above effect. This clearly demonstrates the effect of 
residence time on the quality of the end product, as was mentioned in 
Section 1.2.
The transient shifts in the boundaries of different zones with 
a positive step of wq/4.3 in the velocity of solids are illustrated in
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Figure 7. For the purpose of this analysis, the boundaries were defined 
as:
w[t,L (t)] W
C ^ t . L g  (t)] 
sC t,Lg (t)] 
x[t,Lx(t)] 
Y[ t , ( t) ]
0.03 (lb/lb) 
0.0 (lb/lb) 
0.1 (lb/lb) 
0.35 (lb/lb) 
0.67 (lb/lb)
and dX/dL < 0
(end of drying zone) 
(end of calcining zone)
(end of sintering zone)
The family of curves L = L.(t), obtained by solving the 
generalized differential-difference equations are shown in Fig. 7. The 
solutions were obtained by using the'^nuroerical method of Runge-Kutta- 
Gill. From the figure it is observed that the time constants of the 
curves vary from about 36 mins, to 1 hr. 15 mins., showing that the rotary 
kiln has an inherent large time lag. It is further clear from the figure 
that none of the cases exhibit underdamped oscillatory response about 
their steady-state values. In other worfls, the system is inherently 
critically damped (damping ratio = 1.0). The boundary shifts with the 
positive step were found to be as follows:
Drying zone = 49 ft.
Calcining zone = 46 ft.
Sintering zone = about 42.5 ft. (average of the shifts due to X, Y,
and S).
Surprising enough, a negative step in the velocity of solids 
did not result in any boundary shift. This was quite contrary to the
expectations.
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Figure 7. Boundary shifts with a positive step input of 30 (ft/hr) 
to velocity of the solids.
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This transient analysis therefore exhibits some of the 
practically observed phenomena and gives an insight of the system's 
dynamic behavior with change in one of the controllable inputs. Further, 
it helps in predicting some of the control strategies that could be 
applied to overcome such disturbances. This is briefly discussed in the 
concluding chapter.
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IV. CONCLUSIONS
It has been seen that a rotary kiln is the heart of a cement 
manufacturing process and that to study its behavior, it is necessary 
to understand the technology of the process taking place in the kiln.
For the investigation of steady-state and dynamic behaviors of 
the rotary kiln, first the process variables were defined and then a 
mathematical model of the process was formulated describing the relation­
ship of those variables. The model essentially represented the material 
and energy balance at any instant and at any point in the kiln. For this 
system it was seen that the equations are first-order nonlinear partial 
differential equations, which were converted to ordinary differential 
equations for the study of steady-state behavior.
The transient analysis required the division of kiln into a 
convenient number of small sections of equal lengths and then descrip­
tion of each section by generalized differential-difference equations. 
Shifts in the boundaries of the zones were obtained for a step change in 
one of the independent controllable variables, kiln rotational speed 
(and hence the velocity of the solids in the kiln).
The steady-state and transient models were then simulated on 
a digital computer and various temperatures and concentration profiles 
were obtained.
The above indicates how a mathematical model, derived from 
laws of physics and chemistry, can be used to understand and predict 
the system behavior under varied conditions. However, a limitation of 
such a model is that it can only be used for the initial study of the
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system behavior under both steady-state and dynamic conditions, and must 
be suitably modified if it is to be used in implementation of process 
control. This discrepancy arises in the model used for the study of the 
rotary kiln because there are no means for on-line analysis of clinker 
and hence no way to know the dependent variables such as X(t) , Y(t) ,
C(t), and Si(t) (see Fig. 3). However, this can be approximately 
achieved by using clinker density as a quality i n d e x . ^ T h e  true 
value of the density can be known only after the clinker is cooled (see 
Fig. 2) and not as soon as it is discharged from the kiln. This intro­
duces further time lag making the quality control difficult. Because 
of the difficulty in measuring certain variables of such a mathematical 
model, new variables can be chosen for actual control purposes. An 
example of the variables used in actual computer control of a wet 
process cement rotary kiln,^^ is shown in Figure 8, where the following 
notation is used:
r^(t)--- ---- Primary air fan speed (hence flow rate of primary air)
r^(t)-------• - Flow rate of fuel
r^(t)---- - --Kiln rotational speed
r^(t)------ - Exhaust fan speed (see Fig. 2)
BZT  ---- Burning (or sintering) zone temperature
T - -- ---- Gas temperature between drying and calcining zones§
Tg------ - Solids temperature between drying and calcining zones
tg------- - Gas temperature in the smoke chamber (see Fig. 2)
AFR------- Air-fuel ratio
SC  — ■ Slurry composition (disturbance variable) .
47
Independent
♦
Controllable
Figure 8.
— ►Uncontrollable
SC
Dependent
Cement rotary kiln variables used in one of the actual 
computer control models.
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For such a system, however, the process dynamics was approximated by a 
linear model, the parameters of which were determined by statistical 
analysis of actual plant operating data.
The transient study can be extended to variations in flow rate 
of air and fuel. The former can be done by similarly forming differential- 
difference equations from (II-8) to (II-10) and the latter from (11-13) 
and (11-14). All these results can then be used to find auto and cross­
correlation functions of the various parameters showing mutual dependence 
of plant processes.
Even though the dynamic behavior with the above variations was 
not studied, the following predictions can be made as regards the controls 
that must be applied to the above flow rates if the objective is to 
maintain the clinker quality.
It has already been seen that reduction in kiln speed results 
in overburnt clinker and increase in speed yields underburnt clinker, 
provided no counteraction to overcome the disturbance is taken. The 
steady-state concentration profiles show that this can be overcome by 
exercising control over the temperature in the sintering zone, where the 
interaction of process variables is very much pronounced. The mathe­
matical model indicates that the temperature in this zone is primarily 
dependent on the fuel and air supply. Thus, the objective can be 
achieved by decreasing the fuel rate in the former case and increasing 
the same in the latter. Also, it must be remembered that a change in the 
fuel rate only would not result in proper combustion unless the air supply 
is altered simultaneously. This can be best achieved by maintaining a 
constant air-fuel ratio.
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